The Doruneh Fault System (DFS) is one of the major active strike-slip faults in the Arabia-Eurasia collision zone. Despite its geological activity, no large (M ≥ 6.5) historical or instrumental earthquakes have been recorded along it. To date, the rate and distribution of slip, as well as the seismic behavior of the DFS, have been unknown. We reconstructed 67 geomorphic offsets recorded by three successive alluvial abandonment surfaces (Q1, Q2, and Q3) displaced along the western (WFZ) and central (CFZ) fault zones. The determined ages of~12,~36, and~120 ka, using in situ-produced 10 Be and 36 Cl cosmogenic nuclides for theses surfaces, allowed to estimate three sets of individual left-lateral slip rates and consequently to describe the spatiotemporal distribution of slip along the CFZ and WFZ. The slip rates averaged over time intervals of~36 and~120 ka reveal variable slip rates along length but similar slip rates at a point with a maximum rate of~8.2 mm/yr. During the Holocene, however, the fault slip behavior appears more complex, with a maximum rate of~5.3 mm/yr. The CFZ is divided into two~4 km apart segments, with symmetrical slip distributions relative to a persistent boundary, which has not been ruptured over the last~12 ka. The maximum length of seismic fault segments varies from 70 to 100 km, which could produce earthquakes with a magnitude of M w 7.2-7.4. This emphasizes the necessity of segmentation models for long strike-slip faults that may not necessarily rupture along their whole length during a single earthquake.
Introduction
Geological slip rates derived from the relevant ages and amounts of geomorphic/geologic fault offsets are generally averaged over thousands to hundred thousand years [e.g., Ritz et al., 2003; Siame et al., 1997; Philip et al., 2001; Hessami et al., 2006; Rizza et al., 2011; Shabanian et al., 2009a] . They therefore cover a large number of seismic cycles and lead to the better understanding of (1) the role of active faults in the accommodation of regional deformation and (2) the seismic behavior of faults that helps in seismic hazard assessment and the development of physical earthquake models.
This study is focused on the slip behavior and seismic characteristics of the Doruneh Fault System (DFS). Thẽ 400 km long DFS is one of the largest strike-slip faults of the Iranian plateau [e.g., Wellman, 1966; Tchalenko et al., 1973] along which few active tectonic studies have been carried out [e.g., Berberian and Yeats, 1999; Fattahi et al., 2007; Farbod et al., 2011] . The structural and geomorphic investigations by Farbod et al. [2011] led to a preliminary segmentation model according to which (1) the DFS is divided into three fault zones having distinct structural and geomorphic characteristics and (2) independent seismic segments could not exceed the length of~140 km. However, the distribution and rate of slip on the fault zones, as well as the true extent of the segments, remain poorly known. taken up by strike-slip faulting [e.g., Talebian and Jackson, 2002; Walker and Jackson, 2004; Regard et al., 2005; Authemayou et al., 2006; Ritz et al., 2006a; Le Dortz et al., 2009; Shabanian et al., 2009b; Farbod et al., 2011; Solaymani Azad et al., 2011; Rizza et al., 2013; . Shortening is currently localized in the Zagros (5-9 mm/yr) [Hessami et al., 2006; Authemayou et al., 2009] and Alborz Mountains (~7 mm/yr) [Djamour et al., 2010; Shabanian et al., 2012a; Mousavi et al., 2013] .
In Central Iran, the DFS separates the lithospheric north trending dextral strike-slip faults, like the Nayband and Neh faults to the south, from the NW trending Binalud and Kopeh Dagh deformation domains to the north (Figure 1) . The DFS separates the pre-Oligocene paleoreliefs to the north (~2500 m elevation) from the Neogene folded rocks armored by Quaternary deposits (~1200 m elevation) to the south (Figure 2) . The south sloping Quaternary piedmont is covered by series of alluvial fans, mostly affected by the DFS.
The DFS comprises a western (WFZ), a central (CFZ), and an eastern (EFZ) fault zones ( Figure 2 ) having distinct structural, geomorphic, and kinematic characteristics. The CFZ is pure left-lateral strike slip, while the WFZ is reverse left-lateral oblique-slip. The EFZ is predominantly reverse dip slip. These three fault zones accommodate part of the northward motion between Central Iran and Eurasia in different ways that range from pure compression to the partitioning of deformation on parallel strike-slip and reverse faults (i.e., strain partitioning) [Farbod et al., 2011] .
Cumulative Left-Lateral Offsets Along the Doruneh Fault System
The surface trace of the DFS is marked by geomorphic features such as Quaternary alluvial fans and their associated drainage system that have been laterally and/or vertically offset along the whole length of the Hessami et al. [2003] , Shabanian et al. [2010] , and Farbod et al. [2011] . Black arrows are GPS-derived horizontal velocities (mm/yr) from Masson et al. [2007] in a Eurasia-fixed reference frame. The box in the upper left inset shows the location in the Arabia-Eurasia collision zone. Grey arrows and associated numbers represent Arabia-Eurasia plate velocities (mm/yr) after Reilinger et al. [2006] . GKFS is the Great Kavir Fault System. Tectonics 10.1002/2015TC003862 DFS. Detailed geomorphic mapping based on SPOT-5 satellite images complemented by field observations allowed us to identify and to map at the regional scale three successive generations of alluvial fans, which form the inset Q3, Q2, and Q1 regional geomorphic surfaces, from upper to lower elevation and consequently from older to younger age, respectively. All alluvial fans have formed at nearly same geographic latitude over a longitudinal distance of less than 300 km and consequently within a similar desertic climate regime [e.g., Djamali et al., 2011] .
The measurement and analysis of 18 geomorphic offsets recorded by these surfaces allowed Farbod et al. [2011] to characterize along-strike variations in the kinematics of the fault system in a way that the cumulative geomorphic offsets observed along the WFZ and CFZ imply the respective oblique-slip (reverse left lateral) and strike-slip (left lateral) characters of faulting, whereas within the EFZ offsets are principally vertical (reverse).
In order to complete the study by Farbod et al. [2011] , we used high-resolution (resampled pixel size of 50 cm) GeoEye© images (Google Earth) to create a new data set of cumulative offsets measured in 67 sites that are distributed along the DFS (Table 1) . In this study we focus on the left-lateral offsets which only occurred along the WFZ and CFZ. Left-lateral offsets recorded by alluvial fan morphologies (fan shape), associated streams and/or terrace risers between two successive (Q1/Q2 or Q2/Q3) alluvial fan surfaces, were reconstructed ( Figure 3a and Table 1 ). Regarding to the degree of preservation of the Quaternary landforms, we were able to measure 7, 24, and 36 offsets recorded within Q3, Q2, and Q1 surfaces, respectively ( Figure 3b and Table 1) . We attributed quality criterion, taking into account of both the degree of preservation and the observation quality of the Quaternary landforms (see caption Table 1 ).
Detailed analysis of Q3 surfaces in seven sites led us to characterize the overall distribution of left-lateral displacements along the CFZ. The maximum offset of 840 ± 70 m in the midlength of this fault zone decreases tõ 160 m at both ends ( Figure 3b ). In the southern side of the WFZ, there are no corresponding surfaces for Q3 alluvial fans allowing such an offset measurement.
The 24 offsets of the Q2 fans and related landforms provided a displacement pattern similar to that deduced from the Q3 offsets along the CFZ (Figure 3b ). The CFZ, with the maximum offset of~300 m, is characterized by larger left-lateral displacement relative to the WFZ. A drastic decrease in offset amounts, from~140 tõ 70 m, occurred at the boundary between the two fault zones. This important variation in offset values may be characteristic of the fault segment maturity; the WFZ can be younger than the CFZ. However, the low density of measurements along WFZ precludes any further interpretation ( Figure 3b ).
The 36 cumulative offsets recorded by Q1 related features give a complete image of the slip distribution along the fault zones. The~16 m maximum offset along the WFZ contrasts with the~60 m offset measured along the CFZ (Figure 3b ). Between the longitudes of 58.400°E and 58.442°E, the mountain front is marked by (Figure 4 ). This relative age relationship between faulting and depositional features reveals an inactive period of faulting according which, since the formation of Q1 surfaces, the CFZ can be divided into two eastern and western segments (see section 5), with symmetrical distribution of lateral displacement with respect to the faulting gap ( Figure 3b ).
Surface Exposure Dating

Summary of Sampling Strategy and Analytical Procedure for Cosmogenic Dating
Cosmic ray exposure (CRE) dating is based on accumulation of certain cosmogenic nuclides in the surficial materials (few top meters of the crust) exposed to cosmic radiation (see review by Gosse and Phillips [2001] and Dunaï [2010] . Figure 3a . The quality criterion indicates the quality level of the offset marker restoration empirically based on the degree of preservation and constraint of the Quaternary offset reconstruction: A, well constrained; B, constrained; C, constrained with more than one possibility; and D, several reconstructions are possible. Asterisks mark the sites in which the offsets presented by Farbod et al. [2011] are revised.
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In order to estimate the CRE ages of alluvial fan surfaces offset along the DFS, we had some difficulties to find well-preserved geomorphic surfaces suitable for dating (in term of lithology) and which were directly affected by faulting. Because the catchment areas of the studied alluvial fans are mostly composed of andesitic rocks, locally intruded by granitic bodies, and rarely of carbonate rocks (Figure 2) , the carbonate or quartz-rich clasts necessary for 36 Cl and 10 Be CRE dating were rare and limited us in the choice of the sampling sites. This precludes sampling large number of surface samples and performing depth-profile sampling.
Instead, based on our geomorphic regional mapping of the three Quaternary surfaces, we dated the well-preserved surfaces wherever it was possible (in term of the lithology) and then correlate the ages of each surface along strike of the DFS. In this way, CRE dating has been done in four sites along the CFZ and two sites along the WFZ, from the concentrations of the in situ-produced 10 Be and 36 Cl cosmogenic nuclides accumulated in quartz-rich and carbonate rocks, respectively. Despite all difficulties, a total of 36 samples were carefully collected from cobbles 40 × 30 cm (length/wide) in size dispersed on the fan surfaces. The sampled part of the Q1 and Q2 fan surfaces are located away from recent incision rills. Considering the exponential decrease of the 36 Cl and 10 Be concentrations with depth, the samples were collected from the upper 1-8 cm on top of the cobbles embedded in the surfaces.
Among these 66 samples, only 20 provided enough quartz for analyses. In two sites (10 samples), along the WFZ, catchment areas incised in Cretaceous limestones allowed using the in situ-produced 36 Cl cosmogenic nuclide.
The quartz-rich samples were prepared for accelerator mass spectrometry (AMS) 10 Be measurements following chemical procedures adapted from Brown et al. [1991] and Merchel and Herpers [1999] , and the carbonate samples were performed following the methodology describe by Stone et al. [1996] . All 10 Be concentrations are normalized to 10 Be/ 9 Be NIST standard reference material 4325 with an assigned value of (2.79 ± 0.03) 10 À11 . The 10 Be half-life of (1.39 ± 0.01)10 6 years used is that recently recommended by 
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Korschinek et al. [2010] and Chmeleff et al. [2010] according to their two independent measurements. Three chemical blanks prepared with the samples yield 10 Be/ 9 Be ratio of 1.9 ± 0.6 × 10 À15 , 2.1 ± 0.7 × 10 À15 , and 5.3 ± 2 × 10 À15 . To determine production rates, scaling factors for latitude and altitude corrections were calculated according to Stone [2000] and using a modern 10 Be spallation production rate at sea level and high latitude of 4.5 ± 0.3 atoms/g-SiO 2 /yr to account for the reevaluation of absolute calibration of 10 Be AMS standards proposed by Nishiizumi et al. [2007] .
For the carbonate samples, major elemental compositions of rock samples were determined (Table 2) For all sampling sites, corrections for shielding by the surrounding topography, snow cover, and sample geometry, following Dunne et al. [1999] , have negligible impact on the surface production rates. The in situ-produced 36 Cl and 10 Be concentrations are presented in Tables 2-4 . At each sampling site, the distribution of the estimated CRE ages and their associated uncertainties were examined using the sum of the Gaussian probability distributions [e.g., Deino and Potts, 1992] according to Taylor [1997] :
where t is time, a i is the exposure age of sample i, and (2σ i ) is the associated uncertainty. The probability of 95%, i.e., 2σ, was chosen to calculate uncertainties associated with exposure ages:
(2) Dortz et al., 2011] , and a maximum possible denudation rate of 7 m/Ma estimated for the most eroded Nay Q3 fan surface. The rejuvenation of some sample ages is explained by the high quantity of natural chlorine in the samples.
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The chi-square inversion test [Ward and Wilson, 1978] has also been used to control the differences between modeled and measured concentration.
Cosmogenic Dating Results
In this study, the determination of minimum exposure ages (Tables 2 and 4 ) relies on the assumption that the effects of erosion on the most preserved part of the alluvial surfaces (i.e., sampled parts) and cosmogenic nuclide inheritance from exposure prior to the deposition of clasts are negligible. Two other sets of exposure ages were calculated using maximum denudation rates of 1 m/Ma and 7 m/Ma (maximum possible denudation rate on the oldest abandonment fan surfaces) allowing us to determine upper and lower bounds for the surface abandonment ages (Tables 3 and 4 and see section 4.3).
10 Be CRE Ages From Q1 Surfaces
To verify the simultaneous abandonment of the Q1 surfaces, two Q1 surfaces were sampled at two~45 km apart localities along the CFZ (Figures 3a and 5) . At the first site (Azghand) five samples were analyzed from quartz-rich granite and granodiorite clasts embedded in the fan surface ( Figure 5a ). The samples from the Azghand surface yield CRE ages ranging from 13.4 ± 1 to 24.8 ± 0.7 ka (Table 4 ). The Gaussian age probability distribution (P sum ) of these samples provides evidence for two populations; they are ranged from~13 to~16 ka and from~21 tõ 24 ka, respectively (Figure 5c ). At the second site (Khalilabad, Figure 5b ), among the collected quartz-rich granitic cobbles, we analyzed four samples that yielded CRE ages ranging from 11.5 ± 0.7 to 26 ± 2.3 ka (Table 4) . The probability distribution also shows two populations of ages ranged from~11 to~14 ka and from~22 to~26 ka, respectively (Figure 5d ). The similar age distribution confirms that these both Q1 surfaces are coeval, with the same complexity in the exposure history as shown by the bimodal age distribution (see section 4.3).
10 Be and 36 Cl CRE Ages From Q2 Surfaces
The Q2 surface was sampled in four localities along the CFZ and WFZ (Figure 3a ). Those are Azghand, Nay, Mazdeh (quartz-rich samples for 10 Be dating), and Anabad (carbonate samples for 36 Cl dating) alluvial fan surfaces ( Figure 6 ).
Four samples from andesitic clasts embedded in the Azghand Q2 fan surface ( Figure 6a ) yield 10 Be CRE ages ranging from 26.9 ± 0.9 to 50.3 ± 1.5 ka (Table 4 ). Their probability distribution displays evidence for two distinct age populations ranged from~27 to~30 ka and 43.6 ± 1.3 to 50.3 ± 1.5 ka (Figure 6d ), respectively. Be concentration and modeled ages of the surface sample from the six alluvial fans offset by DFS. 10 Be concentrations analytical uncertainties (reported as 1σ) include a conservative 0.5% external uncertainty based on long-term measurements of standards, a 1 sigma statistical error on counted 10 Be events and the uncertainty associated with the chemical blanks correction [Arnold et al., 2010] . The samples collected from the Nay alluvial fan are named by ESM. The CRE ages are calculated assuming no denudation (left hand), and the maximum denudation rate of 1 m/Ma reported for the well-preserved alluvial fan in Central Iran [Le Dortz et al., 2011] .
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Seven samples were collected on the Nay Q2 surface,~17 km west of the Azghand Q2 alluvial fan. Only two samples have provided quartz mass amounts allowing 10 Be dating (Figure 7a ). They yield CRE ages of 17.7 ± 1.7 and 50.5 ± 2.7 ka, the latter being coherent with the maximum CRE age estimates at the Azghand site. Farther west, on the Mazdeh fan surface (Figure 6b ), the 10 Be CRE ages deduced from the four andesitic samples, ranged from 34.5 ± 2.2 to 52.8 ± 4.9 ka (Table 4) , are within the range of those obtained on the Azghand Q2 surface. Tectonics 10.1002/2015TC003862
The probability distribution of these four dated samples provides evidence for a sharp peak at 34.6 ± 1.9 ka distinct from the 52.8 ± 4.9 ka oldest CRE age (Figure 6e ). Finally, in the westernmost Q2 fan surface at Anabad, three selected carbonate clasts yield a 36 Cl CRE ages ranged from 38.3 ± 4.2 to 41.3 ± 4.7 ka. The probability distribution shows a single sharp peak at 39.9 ± 2.5 ka (Figures 6c and 6f) .
The sum of the Gaussian probability distribution of the 13 10 Be and 36 Cl CRE ages obtained on the Q2 surfaces is clearly bimodal, considering the ESM07-3 CRE age (17.7 ± 1.7 ka) as an outlier (Figure 6g ). The first CRE age population ranges from~27 to~43 ka, while the second CRE age population clustered around~50 ka. Such a bimodal age distribution, regardless the age values, is similar to that obtained from the Q1 surfaces (section 4.2.1) and confirms the complex exposure history of the clasts (see section 4.3 for the CRE ages discussion). 4.2.3. 10 Be and 36 Cl CRE Ages From Q3 Surfaces A total of 16 quartz-rich and carbonate samples were collected from three Q3 alluvial fan surfaces offset along the CFZ and WFZ (Figures 3a and 7) . Among five quartz-rich samples found and collected from rare, nearly preserved parts of the Nay Q3 alluvial fan (Figure 7a ), only one sample provided the quartz mass amount allowing 10 Be dating and yielded a CRE age at 102.8 ± 3.8 ka (Table 4 ). The four carbonate samples on the Anabad Q3 surface (Figure 7b ) yielded 36 Cl CRE ages ranging from 42.4 ± 4.8 to 98.2 ± 11 ka, with three CRE ages clustering at 79.8 ± 5.5 ka (Figure 7d ). Three samples from the Doruneh Q3 fan surface (Figure 7c ) yielded 36 Cl CRE ages of 70.2 ± 7.5, 74.2 ± 8.6, and 96.1 ± 11.5 ka, their weighted mean CRE age being 76.7 ± 5.1 ka (Figure 7e ). 
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The sum of the Gaussian probability distribution of the seven 36 Cl and one 10 Be CRE ages, considering the CRE age of 42.4 ± 4.8 ka as an outlier, is bimodal providing evidence for two CRE age peaks at 72.7 ± 6.7 and 101.8 ± 9.5 ka, respectively (Figure 7f ).
Effects of Erosion and Inheritance on CRE Dating Results
Erosion minimizes CRE ages of surface samples by decreasing cosmogenic isotope concentrations. In a lack of direct erosional features like young gullies and differential erosion on the sampled parts of alluvial surfaces, one may attribute the current position of large clasts to erosion processes which cause upward migration of Tectonics 10.1002/2015TC003862 clasts to the land surfaces [e.g., Thomas, 1989; Cooke et al., 1993; Wells et al., 1995] . In such cases, clasts are concentrated at the land surface at significantly different times, and thus, a random surface sampling (e.g., our strategy) will show considerable scatter in the ages of clasts [e.g., Bierman, 1994; Zreda et al., 1994; Phillips et al., 1997] . In this case, the older age cluster is closer to the true surface abandonment age [e.g., Zreda et al., 1994; Ritz et al., 1995; Phillips et al., 1997; Brown et al., 2005] . In contrast, the surface CRE ages calculated for Q1 and Q2 surfaces, although bimodal, are relatively coherent and well clustered indicating that the clasts have stayed at the fan surfaces regardless of erosion processes (if any). The suggestion of low denudation rate on Q1 and Q2 surfaces is likely to be valid; in the southern regions of Central Iran experiencing similar hyper-arid climatic and strike-slip tectonic regimes, Le Dortz et al. [2009 Dortz et al. [ , 2011 reported a denudation rate lower than 1 m/Ma by analyzing cosmogenic 10 Be and 36 Cl in surface cobbles and near surface amalgams collected from alluvial fan surfaces (abandoned 10 to 300 ka ago). Moreover, the erosion rate affecting surface cobbles and boulders may be significantly lower than the erosion rate estimated for the corresponding surfaces [e.g., Ritz et al., 2006b ]. To be more conservative, we calculated two other sets of CRE ages (Tables 3 and 4) using denudation rates of 1 and 7 mm/Ma for the alluvial surfaces (see section 4.3). The maximum denudation rate of~7 m/Ma is based on the steady state nuclide concentrations in samples collected from the most eroded Q3 surface (Nay alluvial fan).
Conversely to erosion, cosmogenic nuclide inheritance from exposure prior to the deposition of alluvial surfaces leads to exceed the true abandonment age of alluvial surfaces [e.g., Le Dortz et al., 2011; Schmidt et al., 2011] . Two principal causes of such a high, variable inherited nuclide concentration are complex transport histories and different sources of clasts. Clasts coming from a large catchment area and through a long transport pathway should undergo a complex transport history. This problem would be worse for inset Quaternary terraces, where clasts are detached from upper alluvial surfaces and form lower inset terraces downstream [e.g., Le Dortz et al., 2009 , 2011 Schmidt et al., 2011; Le Béon et al., 2010; Ritz et al., 2006b ]. In the area of interest, the prevailing of these particular geomorphic situations highlights the importance of inheritance in the concentrations of in situ-produced cosmogenic nuclides in our samples (see section 4.3). In this case, the older age population for a given surface overestimates its abandonment age, while the younger age population is most likely closer to true abandonment age of the surface [e.g., Le Dortz et al., 2009 , 2011 .
Timing of the Abandonment of Q1, Q2, and Q3 Alluvial Surfaces
The CRE age distribution of all the samples collected either on the Q1 or the Q2 fan surfaces shows a bimodal pattern evidencing two CRE age populations for each surface (Figures 5e and 6g) . Given the similarity of CRE age patterns for different geomorphic surfaces, the possible cause of this systematic age dispersion could not coming from the sampling (section 4.2.4). Also, there is no geomorphic evidence of multistage clast deposition on the Q1 and Q2 fan surfaces.
For samples from Q1 and Q2 surfaces, two CRE age sets were calculated (section 4.2.4). The ages obtained for 1 m/Ma of denudation are slightly older than those calculated assuming no erosion (section 4.2), while their distributions remain bimodal (Figure 8) . Interestingly, for each fan surface, the younger age population, Tectonics 10.1002/2015TC003862 assuming a denudation rate of 1 m/Ma, is still younger than the older age population calculated assuming no erosion. In such a way, denudation rates of~10 m/Ma (on Q2 surfaces) and~25 m/Ma (on Q1 surfaces) are necessary to overtake the older age population calculated assuming no erosion. Such denudation rates are most unlikely considering the maximum denudation rate of 1 mm/Ma reported by Le Dortz et al. [2009 Dortz et al. [ , 2011 and the well-preserved geomorphology of the Q1 and Q2 fan surfaces. This indicates that the bimodal age pattern does not result from surface denudation and the associated upward migration of the clasts to the land surface [e.g., Thomas, 1989; Cooke et al., 1993; Wells et al., 1995] .
In the study area, almost all younger alluvial surfaces are inset in older fan surfaces (Q1 in Q2 and Q2 in Q3). The formation of inset alluvial fans during successive deposition/erosion stages could explain the bimodal age distributions. The inset surface pattern allows clasts exposed on upper surfaces to be detached from older alluvial fans due to stream channel incision, gravitational movements, or during occasional flooding periods [e.g., Le Dortz et al., 2009 , 2011 Schmidt et al., 2011; Le Béon et al., 2010; Ritz et al., 2006b] and to form lower inset surfaces.
We have tested the aforementioned hypothesis comparing CRE ages of clasts embedded in two inset alluvial surfaces; in the Azghand area, two inset Q1 and Q2 alluvial fan surfaces (sections 4.2.1 and 4.2.2) were sampled. The CRE ages for the Q1 clasts show two age populations: the first one is between~13 and 16 ka and the second one between~21 and~24 ka (Figure 9a ). The clasts from the Q2 surface yield ages Tectonics 10.1002/2015TC003862 ranging between~27 and~30 ka (Figure 9b ) and two older ages at 43.6 ± 1.3 and 50.3 ± 1.5 ka (section 4.2.2). The mean CRE age deduced from the Q1 older samples (~23 ka) is similar to the mean CRE age deduced from the Q2 younger samples (~27 ka), suggesting that older samples on the Q1 surface may originate from the Q2 surface. This is also suggested by the sum of the probability distribution of the ages of both Q1 and Q2 samples that shows only three ages populations (Figure 9c) .
Accordingly, the inset scenario is retained to explain the bimodal distribution of the alluvial fan surface CRE ages ( Figure 10) . These results, together with optically stimulated luminescence/infrared stimulated luminescence dating performed along the Doruneh Fault System, which lead to a maximum abandonment age of 10 ka [Fattahi et al., 2007] for the younger (Q1, this study) abandonment surface, confirm that the younger CRE age populations are most likely closer to true ages of abandonment surface, i.e., the negligible erosion assumption. The exposure ages of 12.3 ± 2.9 and 36.5 ± 6.3 ka (±2σ) are therefore proposed for the Q1 and Q2 alluvial fans, respectively (Figures 8a and 8b) .
The bimodal pattern of the CRE age distribution on the Q3 fan surfaces could be explained differently. The absence of alluvial surfaces above the Q3 alluvial surfaces considerably reduces the likelihood of a systematic inheritance in the Q3 samples. On the other hand, as indicated by streams incising their entire surface, the Q3 alluvial fan surfaces underwent denudation rates higher than the Q2 and Q1 surfaces. The degree of preservation, however, varies among Q3 fan surface. As for the Nay Q3 surface (Figure 7a ), 10 Be and 36 Cl exposure ages of the three Q1, Q2, and Q3 surfaces. Red boxes correspond to the 2σ uncertainty for the weighted mean ages of Q1 and Q2 surfaces (see Figure 8 ). 2.4) . Asterisk marks the sites in which the assignment of offset markers to weighted mean ages determined for the Q1, Q2, and Q3 fan generations is not straightforward. deeply incising streams form rounded ridges; flat-laying surfaces are too rare and small. This alluvial fan is composed of loosely cemented volcanic clasts. In contrast, the Anabad and Doruneh alluvial fans contain mostly carbonate clasts in different sizes, with some degree of carbonate cementation. This makes the surfaces less erodible such that relatively preserved flat areas are more wide and abundant relative to the Nay surface. Contrary to this fact, a single 10 Be age of 102.8 ± 3.8 ka, from the Nay alluvial fan, is older than the five 36 Cl exposure ages (~73 to 98 ka) from the Anabad and Doruneh fan surfaces (Figure 7 ). The slight difference between the maximum 36 Cl and 10 Be nuclide concentrations could be explained by a higher dissolution rate of the carbonate clasts relative to the quartz-rich volcanic clasts.
In summary, the Q3 CRE ages of samples may approach the minimum exposure age of Q3 abandonment surfaces (see section 4.2).
Applying the denudation rate of 7 mm/Ma to two less eroded Anabad and Doruneh Q3 alluvial fan surfaces yields the maximum 36 Cl CRE ages ranging from 100 ± 11 to 130 ± 14 ka (Tables 2 and 3 ). The oldest minimum (103 ± 4.0 10 Be age; no erosion) and maximum (130 ± 14 ka 36 Cl age; denudation rate of 7 mm/Ma) CRE ages could represent the lower and upper bounds for the age of the Q3 surface. In this case, the age of 120 ± 20 ka may approach the true age of the Q3 abandonment surfaces.
Slip Rates Along the Doruneh Fault System
Cumulative left-lateral displacements recorded by either alluvial fan shape incised by streams or terrace risers were measured at 67 sites (Table 1 ). The previously discussed in situ-produced 10 Be (in quartz-rich clasts) and 36 Cl (in carbonate clasts) cosmogenic nuclide concentrations were used to estimate the ages of alluvial abandonment surfaces. The onset of a cumulative offset recorded by main streams incising a surface is assumed to correspond to the age of the host abandonment surface [e.g., Regard et al., 2005 Regard et al., , 2006 Authemayou et al., 2009; Shabanian et al., 2009b Shabanian et al., , 2012b . For the slip rate calculation from offset terrace risers a debate is ongoing about the age of which terrace could be assigned to the offset riser [e.g., Tapponnier et al., 2001; Cowgill, 2007; Kirby et al., 2007; Zhang et al., 2007] . In this paper, slip rates deduced from the offset terrace risers (only in three sites) are based on lower terrace reconstruction [Cowgill, 2007] and provide a maximum bound on the slip rate. In total, 67 independent slip rates averaged over~12 to~120 ka have been determined along the CFZ and WFZ (Tables 5 and 6 and Figure 11 ).
At seven sites, Q3 alluvial fans cut by the DFS exhibit the largest cumulative offset (Table 1) . From the midlength toward the ends of the CFZ, the measured geomorphic offsets vary from~850 to~160 m (Figure 3b ). Farther east, at the longitude of 59.497°E, strike-slip faulting dies out. Applying the Q3 surface abandonment age (section 4.2.4) to the offsets recorded by the Q3 surfaces yields left-lateral slip rates of the DFS averaged over the last~120 ka (Figure 11a) , with a maximum rate of 7.1 ± 1.3 mm/yr in the middle of the CFZ decreasing toward the fault zone ends (Figure 11a and Table 5 ).
At 24 sites along both the CFZ and WFZ, the left-lateral offsets recorded by the Q2 alluvial fans, usually inset in older Q3 alluvial fans, were measured ( Figure 3b and Table 1 ). Along the CFZ, the cumulative displacements observed in the central part and the ends of the fault zone ranged between 300 ± 50 m and 70 ± 20 m, respectively (Figure 3b ). Along the WFZ, the Q2 offsets display a slight change from 70 ± 10 m, at the junction with the CFZ, to 25 ± 5 m, near the western end of the fault zone ( Figure 3b and Table 1 ). Applying the 36.5 ± 6.3 ka abandonment age of the Q2 surfaces to these cumulative offsets yields slip rates that vary between 8.2 ± 2.0 and 1.9 ± 0.6 mm/yr (Figure 11b and Table 6 ); the maximum slip rate is estimated at the midlength of the CFZ (Figure 11b ). At the junction between the CFZ and WFZ, the minimum a Slip rates are calculated dividing the geomorphic offset value at each point by the weighted mean CRE age assigned to the corresponding offset surface. Quality letters indicate the reliability of slip rates considering both the offset reconstruction quality and the age relevance. Asterisk marks the sites in which the assignment of offset markers to weighted mean ages determined for the Q1, Q2, and Q3 fan generations is not straightforward.
Tectonics 10.1002/2015TC003862 slip rate of 1.9 ± 0.4 mm/yr along the CFZ corresponds to the maximum slip rate along the WFZ (Figure 11b ). This maximum slip rate decreases to 0.7 ± 0.2 mm/yr close to the western termination of the WFZ (Figure 11b) . Interestingly, in one site along CFZ (Mazdeh, Figure 6b ) the direct slip rate is calculated from dating of an offset alluvial fan surface. It yields a slip rate of 5.5 ± 0.7 mm/yr which is in agreement with the slip rate of 5.2 ± 1.1 mm/yr deduced from the mean abandonment age of Q2 surface at~36 ka (Table 6 and section 4.3). Figure 11 . (a-c) Overall slip rate distribution along the central and western part of the DFS, deduced from the age of, and the offsets recorded by the Q3, Q2, and Q1 fan surfaces. Red circles mark the sites in which the assignment of offset markers to weighted mean ages determined for the Q1, Q2, and Q3 fan generations is not straightforward. (d) Along-strike variations in the slip rates averaged over three time periods of~12,~36, and~120 ka.
Tectonics
10.1002/2015TC003862
Thirty-six left-lateral offsets associated to Q1 alluvial fans, ranging from 10 ± 2 to 65 ± 15 m, have been measured along the DFS (Figure 3b and Table 1 ). Applying the Q1 surface abandonment age at 12.3 ± 2.9 ka (Figure 11c and Table 6 ), slip rates ranging from 1.0 ± 0.3 to 5.3 ± 1.7 mm/yr are obtained. The overall trend of the variations in the slip rates averaged over~12 ka is similar to that of the slip rates averaged over the longer periods of~36 and~120 ka. Considering the distribution of slip recorded by the Q1 surfaces, two distinct fault segments are recognized (Figure 11c ). Those are separated by a~4 km long gap along which there is no evidence of faulting on the Q1 surfaces (Figure 4) . The slip distribution on a fault segment is mirrored in the other segment showing the same minimum (~1 mm/yr) and maximum (~5 mm/yr) slip rates (Figure 11c ). The remnants of Q2 surface on north side of the fault indicate activity of the fault before covering of the fault trace by Q1 and recent alluvial fans (Figure 4) .
The three independent sets of slip rate, averaged over~12,~36, and~120 ka (abandonment surface ages of Q1, Q2, and Q3, respectively), show nearly similar overall distributions of slip along both the WFZ and CFZ (Figure 11d ). Considering the uncertainties associated to the slip rate estimates, left-lateral slip rates along the WFZ and CFZ may have remained constant at least since the Late Pleistocene. However, at a shorter time scale (during Holocene) the CFZ is divided into the 80 km long west and 100 km long east segments. The boundary between these segments has remained persistent during the Holocene (Figure 11c ). Beyond the main fault zone, in rocks armored by Quaternary alluviums, the lack of evidence of active faulting rules out the possibility of slip transfer into fault strands north of the gap. The absence of older Q2 and Q3 surfaces has led to irregular spatial sampling of the slip rate along this part of the fault. This precludes us evaluating the persistency of the gap in deformation before Holocene.
Discussion
Long-Term Geological Versus Short-Term Geodetic Slip Rates
Along the DFS, Fattahi et al. [2007] estimated a Holocene slip rate of~2.5 mm/yr. This estimate is based on an apparent offset of parallel terrace risers at the left bank of the Shesh Taraz River, which are disordered due to left-lateral displacement of the fault (section 4.2). In addition to the complications at their site, as we have shown, a single slip rate would poorly represent the complete DFS slip behavior. Farbod et al. [2011] have estimated a short-term left-lateral slip rate of~2.5 mm/yr using the present-day GPS-derived velocities of KASH and SHIR stations in northeast Iran [Vernant et al., 2004; Masson et al., 2005 Masson et al., , 2007 . This estimate was based on an unproved assumption that the deformation accommodated between the KASH and SHIR stations, north of the DFS, is not significant. The recent GPS measurements in NE Iran [Mousavi et al., 2013] reveal interesting facts about current slip rate of the DFS; no significant slip is directly deduced from geodetic measurements [Mousavi et al., 2013 , Tables 2a and 2b and Figure 2 ]. However, for the DFS, a maximum current slip rate of 3 mm/yr was deduced from rigid block modeling in which both the northern and southern rigidassumed blocks are extremely wide and include several active faults in different deformation domains. Moreover, this maximum rate decreases eastward to about 2 mm/yr at the eastern termination of the DFS, where no evidence of left-lateral faulting is observed along the fault [Farbod et al., 2011; Farbod, 2012;  this study]. In summary, there is no consistency between instantaneous geodetic and moderate-to long-term geologic slip rates of the DFS. This discrepancy could be explained in terms of fault slip behavior, temporal scale of measurements, the arrangement and distribution of geodetic arrays relative to geological structures, boundary conditions for rigid block models, etc. Such discrepancies cannot be used for the discrimination of methods which are different in concept and application (e.g., see the gradual improvement of GPS-derived velocity vectors from Vernant et al. [2004] to Mousavi et al. [2013] ). In fact, for phenomena such as after slip that occurs at time scales of months to decades, geodetic studies of similar or longer duration can potentially provide durable insights on short-term crustal deformation. But for problems spanning geological time scales that extend well beyond those of geodetic observation, geodesy can never provide a complete answer [Burbank and Anderson, 2012 ].
An important consequence of our results is that the long-term geological slip rate of the DFS differs from the current slip rate deduced from GPS measurements. The cause of this difference remains unclear. Interestingly, other geological and geodetic studies carried out on several active faults in Iran result in consistent slip rates indicating stable fault activities since Pleistocene (i.e., NE Iran: Shabanian et al. [2009a Shabanian et al. [ , 2009b Shabanian et al. [ , 2012a Shabanian et al. [ , 2012b Regard et al. [2010] ; North Tabriz fault system: Rizza et al. [2013] ; Astaneh-Shahrud fault system: Djamour et al. [2010] , Mousavi et al. [2015] , Javid Fakhr et al. [2011], and Hollingsworth et al. [2010]; and South Main Recent Fault and Kazerun Fault: Tavakoli et al. [2008] and Authemayou et al. [2009] ).
Seismotectonic Implications
The presented results improve the segmentation model of the DFS proposed by Farbod et al. [2011] thanks to the accurate location of (1) the boundaries between the WFZ, CFZ, and EFZ fault zones and (2) the persistent boundary between eastern and western segments of the CFZ. The slip rate varies spatially along the strike of the fault zones (Figure 11d ), but the overall distribution of slip rate over the three investigated time periods of 12,~36, and~120 ka is similar, i.e., constant slip rate at a point. This constant pattern implies a homogenous long-term behavior for the western and central zones of the DFS.
The eastern and western fault segments of the CFZ are separated by a persistent boundary (section 5). The 100 km long eastern fault segment slips at 5.3 ± 3 mm/yr and could produce a maximum earthquake of M w ≈ 7.4 (deduced from scaling law of Wells and Coppersmith [1994] ). Along this fault segment, Farbod et al. [2011] have presented a coseismic offset of~4 m recorded by a Qanat line (ancient underground irrigation system). The offset location (longitude of 58.77°E) corresponds to the peak of Holocene cumulative slip of the fault (Figure 11c ) and likely represents a maximum coseismic displacement. Such an offset could also be produced by an event as large as M w ≈ 7.4, in favor of the characteristic slip behavior. The~80 km long western segment of the CFZ slips at~5.3 mm/yr and is capable of producing large earthquakes of M w ≈ 7.3. Similarly, the~70 km long WFZ may produce earthquakes with a maximum magnitude of M w ≈ 7.2.
Conclusion
The slip distribution along the DFS was established through the systematic measurement of 67 left-lateral offsets recorded by late Quaternary alluvial fan morphologies (i.e., fan surfaces and associated geomorphic features). At six sites, the abandonment ages of three generations of inset Q1, Q2, and Q3 alluvial surfaces were determined using in situ-produced 36 Cl and 10 Be cosmogenic nuclides at 12.3 ± 2.9 ka, 36.5 ± 6.3 ka, and 120 ± 20 ka, respectively. While local denudation rate was demonstrated negligible, significant inherited cosmogenic nuclide concentrations due to clasts reworked from the upper alluvial fans were evident in the inset Q1 and Q2 surfaces. The relevant ages and geomorphic offsets allowed estimating 67 independent leftlateral slip rates and thus establishing the slip distribution along the CFZ and WFZ during the Late Pleistocene and Holocene.
Along the CFZ, a Late Pleistocene maximum slip rate of 8.2 ± 2.0 mm/yr is estimated, while during Holocene, the fault zone is divided into two fault segments having symmetrical slip rate distribution with respect to their boundary and slipping at 5.3 ± 1.7 mm/yr. The boundary between the eastern and western sectors of the CFZ has remained persistent during the last~12 ka. The left-lateral slip rate on the reverse-sinistral WFZ is estimated at 1.9 ± 0.4 mm/yr. The seismic segment lengths of the 400 km long DFS vary betweeñ 70 and~100 km and are thus able to produce earthquakes with magnitudes of M w ≈ 7.2-7.4.
